Near-field optical recording of photochromic materials is carried out using a scanning near-field optical microscope (SNOM). We constructed a simplified yet fully functional SNOM by installing bent cantilever fiber probes in an atomic force microscope. Photochromic diarylethene films are used as re-writable near-field recording media, and we successfully record erasable recording marks having a minimum of 600 nm width in a writing time as short as 30 ms.
Introduction
One of the key issues of the optical data storage technique is to increase the data density, which is hindered by diffraction of light. Efforts to surpass the diffraction limit to achieve ultra-high data density have been extensively pursued, and in particluar, scanning near-field optical microscopy (SNOM) having a spatial resolution far better than diffraction limit is a promising candidate for a nextgeneration optical storage technique. 1, 2) Furthermore as recording media for SNOM recording, inorganic and organic materials have been actively studied. [3] [4] [5] [6] [7] However a drawback of the SNOM technique which keeps it from practical use is the complexity of the SNOM system, in that one must keep the probe within approximately 10 nm from the recording media while recording, for which most SNOM systems use a sophisticated ''shear-force'' detection system for the required gap control.
As an alternative gap control mechanism, the use of a cantilever type probe has been suggested and is now widely used. 8, 9) These probes are conventional SNOM probes, being tapered and metal-coated optical fibers having sub-wavelength optical apertures; they only differ in that they are bent near the tip so as to operate as cantilever probes. The force sensing mechanism of these probes is the same as that of conventional atomic force microscope (AFM) probes and hence they have some advantages over straight fiber probes operated by the shear force detection system. For example, cantilever probes have a much lower spring constant ($nN/ m), suffer a smaller chance of damage and offer better manageability, and thus are suitable for high-speed scanning operation required for storage applications. Also, they are easily installed in manufactured AFMs and their userfriendly acquisition software is directly accessible, and they can operate in the various image modes of normal AFMs. 8, 9) This multifunctionality of the cantilever probe may offer various writing/reading modes, not being limited to the photon mode. For example, one can apply an electric or heat pulse to the media to generate memory bits, and the memory bits can be optically read out. 10) This helps to reduce the writing time due to the superior efficiency of heat or current delivery compared to the light transmission of the SNOM probe, and may expand the applicability of the SNOM recording media and mechanism. In this report, we discuss the details of construction of a simple SNOM using a bent cantilever optical probe, and the capability of our SNOM in imaging and optical recording.
Experimental Layout
A manufactured AFM (PSIA, CP-Research) is modified to a SNOM. Figure 1 shows a layout of our SNOM system and the arrangement of the force sensing laser beam and the micromirror attached to the fiber probe. Bent cantilever fiber probes (Nanonics) are installed in place of the AFM probes and used as SNOM probes. Commercial bent near-field probes are designed to be directly applicable to manufactured AFMs, and the ridge of the bent cantilever probe is polished for optimized reflection of the laser beam. 8, 9) However, the optical path of the force sensing laser beam in our AFM is not effective in sensing the cantilever deflection: 1) the cantilever fiber probe is thin (<100 m) and round, 2) the direction of the force sensing laser beam is from the side, and 3) the beam aims not at the polished edge of the fiber probe but at the round fiber stem, and as a result the beam reflected off the probe stem diffracts to form a vertical line rather than a focused spot on the position sensitive detector (PSD) of the AFM. Therefore, the deflection of the cantilever is not accurately measured, making SNOM imaging using the cantilever fiber probe impossible.
To prevent the force sensing laser beam from diffracting, Fig. 1 . Experimental layout of the SNOM recording system using a bent cantilever fiber probe. The inset shows the optical path of the deflection sensing laser and arrangement of the micromirror.
we attached a micromirror to the stem of the cantilever fiber probe for the purpose of directing a focused laser beam on the PSD. Miromirrors are fabricated by slicing 15 m thick aluminum foil by 100 Â 100 m in the lateral dimension. We picked them up with the cleaved end of a bare optical fiber by means of electrostatic force. A speck of glue is applied on to the stem of the fiber. Then, the micromirror is made to approach and pressed against the glue on the fiber probe to insure its attachment. To ensure the probe is not damaged during the process, the approaching, attaching and mirror-aligning procedures are precisely controlled using two high-precision microstages and two long-workingdistance microscopes. To make sure the reflected beam is within the adjustable range to be guided to the PSD by using the beam adjustment screws of rhe AFM, the micromirror is placed such that it is exactly level. By means of the micromirror on the fiber stem, the reflected laser beam can be focused to provide sufficient intensity and hence obtain good sensitivity to the cantilever deflection, comparable to that of conventional AFMs. Also, sharp mechanical resonance peaks at 80-100 kHz with a Q factor of 50-100 were routinely obtained, showing that our bent SNOM probes are capable of both contact and noncontact mode imaging, operating similarily to conventional AFM probes. In the experiment, to minimize the damage to the probe, noncontact (AC) mode is used for the gap control method.
The laser light for SNOM recording and reading is focused on to the end of the fiber probe. The exposure time in SNOM recording is controlled by a time adjustable mechanical shutter. For the detection of transmitted light through the recording media, by placing a small (4 Â 4 mm) planar silicon photodetector under the recording media, we simplified the light detection system and eliminated the need for collection optics or a high-sensitivity avalanche photodiode, which are usually needed in the SNOM transmisson mode which is the most efficient light collection scheme among the SNOM modes.
11) The current generated from the photodetector is amplified by modulating the input laser light and using a lock-in amplifier, the output signal of which is fed into the analog/digital (A/D) board of the AFM. The data acquisition software of the AFM accepts the signal from the A/D board and displays the optical image on the computer screen.
Results and Discussion

SNOM imaging of nano-hole pattern
As a test sample for our SNOM, we used nano-hole patterns fabricated by electron beam lithography. The samples are gold films having arrays of 200-nm-deep holes. The substrate of the film is sapphire, which is transparent and hence suitable for optical transmission imaging. The objective of SNOM imaging of the nano-hole patterns was twofold: testing of imaging performance, and testing the optical reading capability of our SNOM. This type of sample can be considered as a read only memory (ROM)-type prerecorded media where each hole represents ''1'' bit and the metalized region ''0'' bit. In fact, ROM mastering by electron beam or an ultraviolet laser beam is being extensively studied and has been reported to master a 133 nm sized recording bit. 12) To optically read out such small bits, an optical probe having ultrahigh spatial resolution is required. By carrying out SNOM imaging, we studied the feasibility of SNOM application to optical ROM reading. Figure 2 displays a set of SNOM images obtained in the SNOM transmission mode. The laser used is the 635 nm line of a laser diode. The aperture size of the SNOM probe is 100 nm as specified by the probe manufacturer. SNOM optical transmission images (a)(c)(e) and the topographic images (b)(d)(f) are simultaneously obtained. In an optical transmission image (a), the hexagon pattern of the hole array is clearly observed, where each hole appears as a bright spot. Two sets of zoomed-in images (c, d, e and f) of a selected region are displayed. Figure 2 (c) and 2(d) are obtained first and then (e) and (f). Here, one notable point was that the spatial resolution of the topograpic image was higher and the displayed depth of holes is larger in (d) than in (f). The reason is that the SNOM probe had been sharpened or a ''super tip'' had been formed during imaging. However, in the optical images [(c) and (e)], even though some noise is introduced, no change in optical contrast is observed, demonstrating the reliability of optical reading. Figure 3 shows a near-field optical transmission image of another nano-hole pattern. The sample has a 500 nm spaced hole pattern with the hole diameter of only 200 nm. The crosssection of the intensity profile indicates the high spatial resolution of our recording system, which is estimated to be approximately 100 nm by measuring the distance between 90% and 10% of peak intensity as shown in the Fig. 3(b) . We found that using a photodetector without collection optics offers the advantage of simplicity in detecting transmitted light, but a disadvantage is the occurrence of the high background signal because all stray light that reaches the photodetector contributes to the background signal. However, the observed contrast in SNOM optical images was measured and the intensity at bright spots is found to be 5 to 9 times that of the background signal. This is very promising considering that commercial phase change materials exhibit only a 2Â increase of reflectivity between the ''0'' and ''1'' states. This result suggests that if the ROM type media displays a good on/off ratio, even a simple photodetector may be used for light detection in SNOM reading. The noise level of our SNOM reading system is measured to be only 40 pA at the 2 A/V setting in the current amplifier. Because our SNOM probe having light throughput of the order of 10 À6 was able to deliver a maximum of 10 nW without coating damage, a signal to noise ratio (SNR) of about 100 : 1 was expected, assuming a 0.5 W/A responsivity of the photodetector. The observed SNR was approximately 20 : 1, the additional loss of SNR being attributed to stray light from the probe, but this is still sufficiently high for simple ROM reading.
SNOM recording of photochromic material
Next, we used photochromic materials for re-writable near-field recording media. Diarylethene-based photochromic materials have been extensively studied as re-writable organic recording materials. 7) As a photochrome, we utilize acetyl-substituted diarylethene (DABTF6) for its high thermal stability and high photochromic efficiency in solid matter. In addition, DABTF6 is one of a few diarylethenes that can be processed to an optically transparent film with sub-micron thickness by simple vacuum deposition. DABTF6 was synthesized from 2,3-bis(2-methylbenzo[b]thiophene-3-yl)hexafluorocyclopentene (BTF6) in one step. A colorless vacuum-deposited diarylethene film turned a deep red hue upon exposure to ultraviolet (UV) light. As evident in the absorption spectra shown in Fig. 4 , a new band characteristic of a closed isomer appeared upon excitation with UV light and the band disappeared immediately under visible light. The coloring and bleaching process was repeatable indicating the re-writability of the films. We prepared two films, samples I and II, with thicknesses of 659 nm and 360 nm, respectively. The optical density (OD) differences of the two samples between colored and transparent status are measured to be 0.15 and 0.06 at 514 nm for samples I and II, respectively. Figure 5 (a) shows near-field optical images of typical marks recorded on sample I. The sample films are first colored by exposure to UV light. Near-field writing and reading were carried out using the 514 nm line of an Argon laser. When writing, the probe remained on each marking position for 1 s with 0.5 mW of laser light being coupled into the fiber, and then for reading, the entire region is scanned to obtain a transmission image, using the laser input power of 0.3 mW to avoid bleaching while reading. Each line scan took 1 s for the highest quality image, which consisted of 128 lines. The distinct formation of recorded marks with 1 m bit diameter is clearly observed as bright spots, indicating that transmission is higher at the recorded marks. These marks were totally erasable via conversion of the entire region by scanning the area with the laser input power of 0.4 mW. Figure 5 is barely noticeable, as shown in Fig. 5(d) . The bit size is estimated to be $600 nm, smaller than in sample I, due to the smaller thickness of sample II. The observed mark size of minimum 600 nm is large for a high-density SNOM recording. For our SNOM recording system to be a practical re-writable recording tool, further reduction in the bit size and the writing time is necessary. The observed large bit size is attributed to the following two factors: the aperture size of our near-field recording probe and the thickness of the media used in the experiment. We had to use a probe the aperture size of which is estimated to be about 300 nm because the probe having an aperture size of 100 nm or less generated too small a laser power to yield sufficient SNR for SNOM reading. For example, in the case of sample I, the OD at 514 nm is 0.15, which corresponds to a 29% transmission difference between colored and transparent status. The bent near-field probe used in photochromic recording had a throughput of order of 10 À3 , putting out about 300 nW of laser power. With this level of laser power, the contrast obtained in the experiment was only around 10%, rather than 29%, while the observed noise level is about 3% of the total signal, the SNR being only 3 : 1. The loss of contrast is attributed to the bleaching of the film due to the force sensing laser and the stray light from the probe. Therefore, the 300 nW laser power was found to be marginal in terms of leaving discernible recording marks. Therefore, in order to be able to use the probe with a smaller aperture, it is essential to increase the throughput of the probe. Media thickness is also a factor in determining the bit size, because the light emitted from a near-field probe diverges fast and the spatial width of the excited volume of the media film sharply increases with the film thickness. This is clearly evident from the fact that the 1 m mark size recorded on Sample I having 659 nm thickness is reduced to 600 nm on sample II having 360 nm film thickness. However, reducing the film thickness also leads to a smaller OD difference between colored and transparent status. We used the samples with 300 nm or more thickness to ensure a sufficiently high OD.
Regarding the writing time, we found that a shorter writing time requires more laser power due to the fact that the contrast of recording marks is proportional to the writing time. However, the 0.5 mW laser power used to achieve 30 ms writing time is the maximum power that the metal coating of the fiber tip can hold without being melted. Again, a higher throughput aperture probe is the solution for achieving a shorter writing time, as well as a smaller bit size.
Conclusions
We constructed a simple SNOM using a bent cantilever fiber probe installed in an AFM. Nano-bit ROM type samples were imaged with 100 nm spatial resolution. Vacuum-deposited acetyl-substituted diarylethene derivatives were prepared as re-writable near-field recording materials. Erasable recording marks were successfully recorded, featuring a minimum 600 nm bit width and a writing time as short as 30 ms. Despite the simplicity of the system, our SNOM using a bent optical fiber probe appears to offer a firm feasibility of practical application, provided the improvement of light throughput on the probe is achieved.
